Abstract This study presents the thermodynamic model of a heat, power and gas cogeneration system. The energy utilization coeffi cient m, which is the ratio of the sum of gas calorifi c value and heat supplied to the boiler to the low calorifi c value of coal, is used as a criterion to evaluate the performance of the multi-production system. The emphasis was placed on the vaporization of the coal and the combustion in the boiler. For gas output 10,000 m , the change of gross coal consumption and energy available coeffi cient m of the cogeneration system is calculated at different pyrogenation temperatures with three types of coals. The results show that the energy available coeffi cient has a maximum value for the cogeneration system, and the gross coal consumption of the cogeneration system is lower than that of two separation systems. In a large range of feeding coal to the boiler, the system gross coal consumption reaches its minimum value and the energy available coeffi cient m reaches maximum when pyrogenation temperature is 700°C. And the optimal is realized at a higher temperature. 
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Introduction
The cogeneration system of heat, power and gas is economic for the combined-cycle power plant or the plants needing both gas and heat [1] . It will not only make the construction of the gasifi er simplifi ed and the investment reduced, but also increase the utilization effi ciency of the coal and reduce the pollution to the environment [2] . Although there has been much research on the heat, power and gas cogeneration system [3] [4] [5] , the study on the mechanism of partial gasifi cation and combustion, as well as the optimal pyrogenation temperature and thermal economical evaluation is limited. In this paper the energy available coeffi cient m is defi ned to evaluate the performance of the cogeneration system. For gas output 10,000 m 3 ·h −1 and boiler steam load 130 t·h −1 , the change of gross coal consumption and energy available coeffi cient m of the cogeneration system will be calculated.
Gas and heat cogeneration system
The purpose of this paper is to study the gasifi cation of the coal and the combustion in the boiler for the cogeneration system. That is, the process of heat-power cogeneration is not considered and the analysis is focused on the process of the gas-heat cogeneration. The gas and the heat are produced in a gas-heat cogeneration plant, where the circulating fl uidized bed boiler and the pyrogenation gas generator are integrated.
The diagram of the gas-heat cogeneration plant is shown in Fig. 1 . The gasifi er is a fl uidized bed pattern at normal pressure, which uses the re-circulated gas as the gasifi cation media. The high caloricity volatile matter is produced after the coal pyrolysis in the fl uidized bed. The gasifi cation heat is supplied by the high temperature recycled material in the fl uidized bed boiler. The semi-coke after the coal pyrolysis is sent to the circulating fl uidized bed boiler for combustion. The steam produced in the boiler can be used for turbine to generate electricity or for other industrial and/or domestic uses.
The semi-coke from the gasifi er and extra feed coal are burnt in the circulating fl uidized bed boiler with air blasting. And the steam is produced and the circulated material from the gasifi er is heated by the combustion heat. The circulated material passes through the high temperature separator at the outlet of the boiler and returns to the fl uidized bed gasifi er through the return passage. The high temperature gas coming from the gasifi er is decontaminated by the two stage swirl separator and passes through the high temperature superheater, primary economizer and gas heat exchanger, where the gas is getting cooled and pure. The pure gas is send to gas storage tank and part of it returns to the gasifi er after increasing pressure by a compressor and being heated by the heat exchanger.
Mathematical model
A pyrolysis gasifi cation model [6] is adapted in this paper:
The volume of each component in the gas can be determined by the formula (1). The calorifi c value of the semi-coke is calculated in formula (2), where the gas caloricity is the sum of that of every combustible component in the gas:
The rate of feeding coal is obtained by formula (3) as follows: The energy utilization coeffi cient m is defi ned as formula (4) . It is used to account the utilization effi ciency of coal. It is taken as the evaluation criteria of the energy conversion in the cogeneration system.
Results and discussion
Two typical coals were taken as the example coals for the analysis. The data of proximate analysis and the ultimate analysis of the sample coals are shown in Table 1 . The yield and calorifi c values of semi-coke and gas were fi rstly calculated. Based on these values, the gross coal consumption and the energy available coeffi cient m were obtained when the gas output is 1000 m 3 /h with the calorifi c value 7000 kJ/m
The system gross coal consumption analysis
At a given pyrogenation temperature in the gasifi er, the system gross coal consumption changes with boiler coal supply are shown in Fig. 2 and Fig. 3 with the soft coal and the lignite respectively. For the given operation condition, 18.8 t/h soft coal is consumed, and 4.9 t/h soft coal is needed for the gasifi er. Gas production is 10,000 m 3 /h and its calorifi c value is 6169 kJ/m 3 . The gross coal consumption of the system is 23.67 t/h, and energy available coeffi cient m is 0.931. While the lignite is used, 23.49 t/h is consumed, and 7.07 t/h is needed to supply the gasifi er. The gas calorifi c value is 6341 kJ/m 3 . The gross coal consumption of the system is 30.56 t/h, and energy available coeffi cient m is 0.918.
It can be found from Fig. 2 and Fig. 3 that when the boiler coal supply increases to some content, the gross coal consumption of the system reaches the minimum. The gross coal consumption is related with the pyrogenation temperature in the gasifi er. For the two types of coals, the boiler supply is different when the gross coal consumption reaches its minimum value. It is less for the soft coal and more for the lignite. It can be obviously found from formula (4) that the heat needed from the semi-coke is reduced with the increase of coal supply to the boiler. From formula (3), when the gas output is fi xed, the heat from the semi-coke will reduce as the result of the reduction of coal feeding to the gasifi er. Because the combustion heat loss in the boiler is smaller than that in the gasifi er, the gross coal consumption gradually reduced at fi rst. When the coal feeding to the gasifi er reaches to a certain value, the heat released from the semi-coke reaches its maximum at the pyrogenation temperature, and the gross coal consumption of the system reaches the minimum. It can also be discovered that the coal supplied to the boiler corresponding to the minimum value of the gross coal consumption of the system rises with the pyrogenation temperature in the gasifi er. That is because the calorifi c value of the left semicoke reduces with the increase of the pyrogenation temperature. In this paper, the minimum coal consumption is as follows. For the lignite, when the coal feeding to the gasifi er is 7.72 t/h, the pyrogenation temperature in the gasifi er is 900°C and the coal supplied to the boiler is 22 t/h, the energy consumed in the system is 458 kJ/h. For the soft coal, the corresponding values are 8.27 t/h, 800°C, 15 t/h and 431 kJ/h respectively. Fig. 4 and Fig. 5 show the energy available coeffi cient m changes with the coal supplied to the boiler at different pyrogenation temperatures. It is clear that there is a maximum value for m. If the boiler supply coal is constant, m reaches its maximum value when the pyrogenation temperature is 700°C, and the minimum value at 900°C. It should be noted that the maximum value of m is not exactly corresponding to the minimum gross coal consumption of the system. From the formula (5), m is the ratio of the sum of the heat of the gas and the heat supplied to the boiler to the total quantity of heat released by the coal. So the calorifi c value of the gas plays an important role. The calorifi c value of the gas changes with the pyrogenation temperature, as a result, the energy available coeffi cient m changes with different pyrogenation temperatures.
The energy available coeffi cient analysis
In this paper, for the lignite, when the coal feeding to the gasifi er is 7.72 t/h, the pyrogenation temperature in the gasifi er is 900°C and the boiler supply is 22 t/h, m reaches its maximum value of 0.954. For the soft coal, when the coal feeding to the gasifi er is 8.27 t/h, the pyrogenation temperature in the gasifi er is 800°C and the boiler coal supply is 15 t/h, m reaches its maximum value of 0.976, when the energy conversion is the best.
Conclusion
(1) The gross coal consumption of the system reaches its minimum value and the energy utilization coeffi cient reaches maximum when some amount of the coal is fed to the boiler. (2) When the soft coal feeding to the gasifi er is 8.27 t/h, the pyrogenation temperature in the gasifi er is 800°C and the boiler supply is 15 t/h, the energy consumed in the system is minimum of 431 kJ/h. At this point the m reaches its maximum value.
